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Genetic recombination resulting in the production of wild-type infectious virus is an obstacle in the current system for
producing densovirus transducing particles. In order to eliminate this problem, a double subgenomic Sindbis virus (TE/392J/
VP) was engineered that expresses the structural proteins (VPs) of Aedes densonucleosis virus (AeDNV) from the second
subgenomic promoter. Expression of AeDNV VPs from TE/392J/VP was confirmed by Northern analysis of RNA from infected
C6/36 (Aedes albopictus) cells and by indirect immunofluorescence in infected C6/36 cells and BHK-21 cells. TE/392J/VP was
used to infect C6/36 cells transfected with p7NS1–GFP, a plasmid expressing the nonstructural genes of AeDNV and green
fluorescent protein (GFP) as a reporter gene. This infection resulted in the production of AeDNV–GFP transducing virus,
which is infectious to C6/36 cells and Aedes aegypti larvae, as determined by GFP expression. The TE/392J/VP packaging
system produced titers of transducing virus comparable to those produced by the standard two-plasmid method. The
possibility of recombination resulting in wild-type infectious virus in transducing densovirus stocks was eliminated by
employing an RNA virus expression system to supply AeDNV structural proteins. © 1999 Academic Press
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Aedes densonucleosis virus (AeDNV) is a mosquito-
pecific parvovirus that infects species of the genera
edes, Culex, and Culiseta (Buchatsky, 1989). The life
ycle of the virus is not well studied, but likely involves
orizontal transmission of the virus by contaminated wa-
er and ingestion of dead infected larvae in larval rearing
ites. Venereal and vertical transmission may play a role
n spread of the virus to other rearing sites (Barreau et
l., 1997).
The AeDNV genome is approximately 4 kb of single-
tranded DNA, with terminal palindromes capable of
olding into a T-shaped secondary structure critical for
enome replication and packaging (Afanasiev et al.,
994). The genome can be divided into two coding re-
ions. The left portion of the genome contains two open
eading frames (ORFs) encoding nonstructural proteins
S1 and NS2, which are expressed from the p7 promoter
n overlapping reading frames. NS1 is essential in repli-
ation and packaging and also plays a role in the regu-
ation of gene expression by trans-activating viral pro-
oters. The function of NS2 is unknown. The right por-
ion of the genome contains one ORF encoding two
tructural virion proteins, VP1 and VP2, which are ex-
ressed from the p61 promoter (Afanasiev et al., 1991).
Genetic manipulation of invertebrates is important in
rder to study organisms of medical and agricultural
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54mportance, as well as for developing control strategies
or vectors of human and veterinary pathogens (Bu-
hatsky, 1989; Carlson et al., 1995, 1996; Corsini et al.,
996a; Tal and Attathom, 1993). Several members of the
arvoviridae family have been used as transducing vi-
uses for the expression of heterologous genes (Bout,
996; Corsini et al., 1996a; Hermonat and Muzyczka,
984; Maxwell et al., 1993; Muzyczka, 1992). The ge-
omes of AeDNV and Junonia coenia DNV have been
ngineered to express heterologous genes in insect
ells (Afanasiev et al., 1994; Giraud et al., 1992).
Currently, the generation of AeDNV transducing virus
equires cotransfection of a plasmid containing a trans-
ucing genome carrying the gene of interest and a
elper plasmid supplying essential viral proteins in trans
Afanasiev et al., 1999; Afanasiev et al., 1994). This
ethod allows for production of AeDNV transducing vi-
us that expresses a gene of interest, but there is a high
evel of wild-type virus production due to recombination
etween the transducing genome and helper plasmids
Afanasiev et al., 1999).
Sindbis (SIN) virus (family Togaviridae, genus Alphavi-
us) is an enveloped, icosahedral virus with a single-
tranded, positive-sense RNA genome. The genome of
IN is organized with the nonstructural genes at the 59
nd, and the structural genes are expressed from a
ubgenomic promoter in the 39 portion of the genome.
IN has been developed as a gene expression tool
ecause it has a broad host range, it expresses heter-
logous genes very efficiently, and it is relatively easy to
ngineer (Schlesinger, 1993; Xiong et al., 1989). The dou-
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55SINDBIS VIRUS-BASED PACKAGING OF DENSOVIRUS VECTORSle subgenomic SIN (dsSIN) expression plasmid pTE/
92J was constructed from a cDNA of the SIN genome,
ontaining the SP6 promoter at the 59 end, and a second
ubgenomic promoter engineered downstream of the
tructural genes (Hahn et al., 1992). Genes of interest are
loned behind the second subgenomic promoter of pTE/
92J in order to construct recombinant viruses. Recom-
inant dsSIN viruses are quite useful in the expression of
eterologous genes in mosquitoes (Higgs et al., 1993;
lson et al., 1996; Powers et al., 1996).
A dsSIN virus, TE/392J/VP, was engineered to express
eDNV structural proteins (VPs) downstream of the sec-
nd subgenomic promoter. Expression of AeDNV VPs
llows packaging of a transducing genome expressing
reen fluorescent protein (GFP). AeDNV–GFP transduc-
ng viruses readily infect C6/36 cells and Aedes aegypti
arvae, as determined by GFP expression. This system
llows for production of AeDNV transducing particles
ithout genetic recombination resulting in wild-type in-
ectious virus, and it is comparable in efficiency to the
urrent method of generating recombinant AeDNV vi-
uses.
RESULTS
Expression of AeDNV structural proteins from TE/392J/
P. A recombinant dsSIN construct was designed with
he AeDNV structural protein genes downstream from
he second subgenomic promoter (pTE/392J/VP, Fig. 1A).
his construct was used in an in vitro transcription re-
ction to generate RNA that was electroporated into
HK-21 cells to produce TE/392J/VP transducing virus.
6/36 cells were infected with either TE/392J/VP or con-
rol TE/392J virus lacking the VP sequence behind the
econd subgenomic promoter, and RNA transcription
as analyzed by Northern blot analysis (Fig. 2). Total
ellular RNA was probed with a 32P-labeled oligonucle-
tide complementary to the SIN 39 noncoding region
NCR) (Fig. 2A), which will bind the three viral RNA
pecies: full-length genomic, subgenomic, and second
ubgenomic (Fig. 1A). The RNA transcripts from the TE/
92J/VP virus are expected to be 1.1 kb larger than the
orresponding RNA from the empty TE/392J virus, based
n the size of the inserted VP sequence. Two transcripts
ere detected in C6/36 cells infected with TE/392J/VP
Fig. 2A, lane 3). The 5.8-kb (subgenomic) transcript was
he predicted size of the SIN structural genes, VP se-
uence, and the 39 NCR. The 1.7-kb (second sub-
enomic) transcript was the predicted size of the VP
equence plus the 39 NCR. Two transcripts were de-
ected in C6/36 cells infected with TE/392J virus (Fig. 2A,
ane 2). The first subgenomic transcript was approxi-
ately 4.7 kb, indicative of the SIN structural genes and
he 39 NCR. The second subgenomic transcript from
E/392J was 0.6 kb, which is the predicted size of the 39
CR. Full-length genomic bands were not detected in fither sample. The RNA was extracted late in infection;
herefore, genomic RNA was not expected to be in high
bundance. No virus-specific transcripts were detected
n uninfected C6/36 cells (Fig. 2A, lane 1).
The 39 NCR-specific probe was removed from the
embrane, and the membrane was reprobed with a
32P-labeled oligonucleotide specific for the VP sequence
Fig. 1A). This probe bound to the 5.8-kb (subgenomic)
nd the 1.7-kb (second subgenomic) transcripts in C6/36
ells infected with TE/392J/VP (Fig. 2B, lane 3). No VP-
pecific bands were detected in C6/36 cells infected with
ontrol TE/392J virus or in uninfected cells (Fig. 2B, lanes
and 2).
C6/36 cells and BHK-21 cells were infected with TE/
92J/VP, and virus encoded protein expression was ana-
yzed by indirect immunofluorescence. TE/392J/VP infec-
ion was confirmed using an antibody specific to the SIN
1 envelope glycoprotein (data not shown). A VP-specific
ntibody was used to detect AeDNV structural proteins
n C6/36 and BHK-21 cells infected with TE/392J/VP (Fig.
). VPs were localized in the nucleus in C6/36 cells (Fig.
B). VPs were limited to the cytoplasm, however, in
HK-21 cells (Fig. 3D). No fluorescence was detected in
ninfected C6/36 cells (Fig. 3A) or in uninfected BHK-21
ells (Fig. 3C).
Transduction of C6/36 cells and A. aegypti mosquitoes
ith particles produced by the TE/392J/VP virus packag-
ng system. The transducing genome p7NS1–GFP (Fig.
B) was used to assess the ability of TE/392J/VP virus to
rovide structural proteins for transducing virus packag-
ng. p7NS1–GFP encodes an NS1–GFP fusion protein
hat retains the functions of the NS1 protein; thus NS1 is
ble to mediate excision of the transducing genome from
7NS1–GFP and subsequent replication in transfected
ells (Afanasiev et al., 1999). AeDNV–GFP transducing
irus was generated by transfection of C6/36 cells with
7NS1–GFP, followed by infection with the TE/392J/VP
irus. AeDNV–GFP transducing particles were collected
nd applied to C6/36 cells, which were shown to express
FP (Fig. 4A). AeDNV–GFP was also generated by co-
ransfection of p7NS1–GFP and pUCA, an infectious
lone of AeDNV. Titers of AeDNV–GFP virus generated
y the two methods were not significantly different (Table
). Lysate from producer cells was used to inoculate
6/36 cells in the first experiment. Cell debris from the
roducer cells was removed prior to inoculation of C6/36
ells in the second experiment. While transducing virus
iters differed between the two experiments, little differ-
nce was seen in titers generated by the TE/392J/VP
ackaging method compared to the two-plasmid
ethod. No transducing particles were detected when
6/36 cells were infected with TE/392J/VP virus prior to
ransfection with p7NS1-GFP.
A. aegypti larvae were also transduced by AeDNV–
FP virus packaged by structural proteins produced
rom TE/392J/VP. GFP expression was most frequently
l
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56 ALLEN-MIURA ET AL.ocalized to the anal papillae of transduced larvae (Fig.
B), similar to infection with particles generated by the
wo-plasmid system (Afanasiev et al., 1999). GFP expres-
ion was evident in the nuclei of the syncytial cells of the
nal papillae. A. aegypti larvae that had been exposed to
ransducing virus were examined by indirect immunoflu-
rescence assay for SIN infection using an antibody to
he SIN E1 envelope glycoprotein. No larvae were found
o be positive for SIN infection (data not shown).
DISCUSSION
We have developed an AeDNV transducing virus pack-
FIG. 1. Plasmids used in this study. (A) pTE/392J/VP, recombinant ds
tructural protein genes; 39 NCR, noncoding region; TE/392J/VP viral RN
n Northern blot analysis are indicated: VPR, VP-specific probe; 2JR, NC
UCA, infectious clone of AeDNV; L, left hairpin sequence; R, right ha
olyadenylation signals. Promoters are depicted as arrows. SIN nonco
haded rectangles. Dashed lines indicate plasmid sequences.ging system based on a recombinant dsSIN virus that txpresses AeDNV structural proteins. Infectious AeD-
V–GFP transducing particles are produced when TE/
92J/VP virus is applied to cells transfected with p7NS1–
FP, as demonstrated by GFP expression in transduced
6/36 cells and A. aegypti larvae. We are attempting to
ptimize the TE/392J/VP packaging system for higher
oncentrations of transducing virus.
Corsini et al. (1996b) used a SIN replicon to provide
ssential genes to package a LuIII (rodent parvovirus)
ransducing genome expressing luciferase. The NS1
rotein was supplied by a SIN replicon, and the pack-
gable LuIII-luciferase transducing genome and struc-
us template; NS, nonstructural genes; S, structural genes; VP, AeDNV
ecules present upon infection are indicated. Location of probes used
ific probe. (B) p7NS1–GFP, AeDNV–GFP transducing virus genome. (C)
quence; nts, nuclear targeting sequence. Blackened ovals represent
egion is designated by a hatched box. Foreign sequences are withinSIN vir
A mol
R-spec
irpin se
ding rural proteins were provided as separate plasmids.
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57SINDBIS VIRUS-BASED PACKAGING OF DENSOVIRUS VECTORSransducing particles were produced using this system;
owever, the efficiency was much lower than the stan-
ard plasmid-based system. The use of an unpackaged
IN replicon in their study may have contributed to the
ow efficiency of transduction. Because we have used a
ackaged dsSIN expression system to supply parvovirus
roteins in trans, we have eliminated the problem of
oelectroporation of DNA and RNA constructs, and the
esulting efficiency of transduction is comparable to the
tandard method of recombinant AeDNV production.
VPs expressed from TE/392J/VP are localized in the
ucleus in invertebrate cells as demonstrated by indirect
mmunofluorescence. There is a putative nuclear target-
ng sequence in the amino terminus of the VP1 protein
Fig. 1C). The lysine/arginine motif is similar to the nu-
lear localization signals of the SV40 large T antigen and
f the polyhedrin of Autographa californica nuclear poly-
edrosis virus (Afanasiev et al., 1994). This sequence
llows for transport of the VPs to the nucleus during
roductive infection with wild-type virus. Transport of
eporter proteins to the nucleus is observed when a
eporter gene is fused to the amino terminus of VP1. This
as been shown using b-galactosidase (Afanasiev et al.,
994) or GFP (Afanasiev et al., 1999) as a reporter gene.
he VPs remained in the cytoplasm when vertebrate
ells were infected with TE/392J/VP virus; thus the puta-
ive nuclear targeting sequence of AeDNV structural pro-
eins is not recognized in BHK-21 cells. It is unknown
hether this phenomenon is seen with other vertebrate
ell lines. The lack of recognition of the putative nuclear
argeting sequence in vertebrate cells was unexpected,
FIG. 2. Northern analysis of VP RNA expression from TE/392J/VP in
nfected, or (3) TE/392J/VP infected cells was blotted as described un
P-specific radiolabeled probe. Molecular weight markers in kilobasesecause vertebrate parvoviruses have similar lysine/ar- tinine motifs, which may be involved in nuclear localiza-
ion (Tullis et al., 1993).
Expression of VPs from a recombinant dsSIN virus
liminates the critical problem of recombination resulting
n wild-type virus. The current method for generating
ecombinant AeDNV viruses involves cotransfection of
ransducing genome and helper plasmids. The transduc-
ng genome plasmid contains the gene of interest and
he sequences required for replication and excision of
he cloned sequence. The helper plasmid supplies pro-
eins essential for virus packaging in trans. Recombina-
ion between transducing genome and helper plasmids
ccurs, producing wild-type virus (Afanasiev et al., 1999;
randenburger and Russell, 1996; Maxwell et al., 1993).
The problem of wild-type virus contamination of trans-
ucing particle stocks is not unique to parvoviruses, and
ther DNA virus gene expression systems could benefit
rom this work. The possibility of recombination is elim-
nated by supplying essential genes from a recombinant
NA virus; thus transducing virus stocks are without
ild-type virus contamination. This is especially signifi-
ant when considering the use of a virus expression
ystem in gene therapy of humans (Brandenburger and
ussell, 1996; Corsini et al., 1996b).
The packaging system we have described may also be
seful as a tool to investigate the biology of AeDNV. It
ppears that the anal papillae are organs of primary
eDNV infection, because we have eliminated the oc-
urrence of wild-type virus and shown that TE/392J/VP
irus is not present in transduced larvae. The possibility
hat anal papillae are infected by secondary spread of
C6/36 cells. Total cellular RNA from (lane 1) uninfected, (2) TE/392J
terials and Methods and probed with (A) a 39 NCR-specific or (B) a
t left. S1, subgenomic RNA; S2, second subgenomic RNA.fected
i der Maransducing virus is unlikely. Anal papillae are involved in
58 ALLEN-MIURA ET AL.
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59SINDBIS VIRUS-BASED PACKAGING OF DENSOVIRUS VECTORSon balance regulation and have direct contact with the
emolymph (Wigglesworth, 1938). Thus infection of anal
apillae may play an important role in viral spread and
athogenesis.
MATERIALS AND METHODS
Cell culture and mosquitoes. Aedes albopictus C6/36
ells (ATCC CRL-1660) were grown at 28°C in Leibo-
itz-15 (L-15) medium (Gibco) supplemented with 10%
etal bovine serum (FBS), 100 U/ml penicillin, and 0.1
g/ml streptomycin. BHK-21 cells (ATCC CCl-10) were
rown at 37°C in L-15 plus 10% FBS and antibiotics.
A. aegypti mosquitoes were maintained at 27°C and
0% humidity with a photoperiod of 12 h light/12 h dark.
Plasmid construction. Plasmids used in this study are
epicted in Fig. 1. All plasmids were constructed using
tandard cloning techniques (Sambrook et al., 1989).
7NS1–GFP (Fig. 1B) expresses an NS1–GFP fusion pro-
ein from the p7 promoter. The construction of p7NS1–
FP is described in detail elsewhere (Afanasiev et al.,
999). pUCA (Fig. 1C) is the infectious clone of AeDNV;
ts construction is described elsewhere (Afanasiev et al.,
994).
Plasmid pTE/392J/VP (Fig. 1A) is the dsSIN template for
roducing TE/392J/VP recombinant virus. It was con-
tructed by polymerase chain reaction (PCR) amplifica-
ion of the AeDNV VP gene sequence using primers with
ngineered XbaI sites flanking the VP sequence (forward
rimer, 59-GCTCTAGAGCATGGCAGACAGCACTTCA; re-
erse primer, 59-GCTCTAGAGCTTAAGTTTTGATTTCATAC).
he PCR product was inserted into a TA cloning plasmid,
CR 2.1 (Invitrogen). The VP sequence was subsequently
xcised with XbaI and cloned into the XbaI site of pTE/
92J, downstream of the second subgenomic promoter.
Production of recombinant Sindbis virus, TE/392J/VP.
TE/392J/VP was used as a template for SP6-catalyzed in
itro transcription as described elsewhere (Rice et al.,
987). The resulting RNA was electroporated into BHK-21
ells, as previously described (Powers et al., 1994). Virus
tocks were titrated on BHK-21 cells, using serial dilution
ndpoints to calculate titers as log10 TCID50 per milliliter
Higgs et al., 1993).
Northern blot analysis. C6/36 cells were infected with
E/392J/VP or TE/392J control virus at a multiplicity of
nfection (m.o.i.) of 1. The cells were harvested after 48 h
nd RNA was extracted by a single-step guanidinium
hiocyanate protocol (Chomczynski and Sacchi, 1987).
NA was fractionated on a formaldehyde–agarose gel
nd blotted onto a positively charged nylon membrane
FIG. 3. Detection of VPs expression by indirect immunofluorescen
Ps-specific antibody. (A) Uninfected C6/36 cells; (B) C6/36 cells 1 TE
FIG. 4. (A) Transduction of mosquito cells with AeDNV–GFP transdu
egypti larvae with AeDNV–GFP transducing virus. Larvae at 1003 magnificaBoehringer Mannheim). The membrane was probed
ith an oligonucleotide, 2JR (59-GCTGGTCGGATCATT-
GGGCG), which is complementary to the SIN 39 NCR
Fig. 1A). 2JR was labeled with [g-32P]ATP using polynu-
leotide kinase (Promega Corp.) according to the man-
facturer’s specifications. Hybridization conditions were
2°C, in 10% dextran sulfate, 1% SDS, 1 M NaCl, and 200
g/ml sheared, denatured DNA, for 4 h. The membrane
as exposed to Fuji X-ray film for 2 h.
The 2JR probe was removed from the membrane using
n alkaline stripping solution (200 mM NaOH, 0.1% SDS)
or 20 min at 37°C. The membrane was exposed to film
vernight to ensure that all of the probe had been re-
oved. It was then reprobed with a 32P-labeled oligonu-
leotide specific for the VP sequence (VP reverse primer
escribed above), using hybridization conditions de-
cribed above.
Indirect immunofluorescence assay. C6/36 cells were
eeded onto glass coverslips in a 12-well plate and
nfected with TE/392J/VP at an m.o.i. of 2. Coverslips were
insed in phosphate-buffered saline (PBS) and fixed in
old acetone 48 h postinfection. Mouse anti-SIN E1 an-
ibody was applied for 40 min at 37°C to detect SIN
nfection. Immunofluorescence labeling was done using
biotin–streptavidin immunofluorescence technique
Gould et al., 1985; Olson et al., 1996). Coverslips were
ounted on slides and examined using an Olympus
H-2 microscope. Cells were examined for VP expres-
ion by a similar protocol using rabbit anti-VP antibody.
TABLE 1
Comparison of Titersa of AeDNV–GFP Generated by Plasmid
Cotransfection and TE/392J/VP Packaging System
Experiment
1b 2c
7NS1–GFP 1 pUCA 6.5 3 103 1.1 3 104
7NS1–GFP 1 TE/392J/VP 7.1 3 103 1.1 3 104
a Titers are expressed as transducing particles per milliliter. AeDNV–
FP virus was generated by cotransfection of the transducing genome,
7NS1–GFP, and helper plasmid pUCA or by transfection of p7NS1–
FP followed by infection with TE/392J/VP virus, which supplies struc-
ural proteins for transducing genome packaging. AeDNV–GFP was
pplied to C6/36 cells at 80% confluencey. Cells expressing GFP were
ounted to determine virus titer.
b AeDNV–GFP was collected by sonication of producer cells.
c AeDNV–GFP was collected by sonication of producer cells followed
y pelleting of cell debris at 1500 rpm for 5 min.
ay. Uninfected and TE/392J/VP infected cells were assayed using a
P; (C) uninfected BHK-21 cells; (D) BHK-21 cells 1 TE/392J/VP.
rus generated by the dsSIN packaging system. (B) Transduction of A.ce ass
/392J/V
cing vition showing GFP expression in anal papillae.
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60 ALLEN-MIURA ET AL.he same procedure was followed for BHK-21 cells,
xcept coverslips were fixed at 12 h postinfection.
Larval tissues were fixed on glass slides with cold
cetone. An antibody to the SIN E1 glycoprotein was
sed to assay for SIN infection as described for cell
ulture, and a streptavidin–Texas red conjugate was
sed for detection.
Production of AeDNV–GFP transducing virus. C6/36
ells in a 75-cm2 flask at 70% confluencey were trans-
ected with p7NS1–GFP with or without pUCA helper
lasmid using Lipofectin reagent (Life Technologies). A
ipofectin–DNA complex was made by incubating 30 mg
f plasmid DNA with 150 ml of Lipofectin reagent in a
otal volume of 500 ml of serum-free L-15 medium for 15
in at room temperature. Cells were rinsed twice with 5
l of sterile PBS. The PBS rinse was removed and
eplaced with the Lipofectin–DNA complex in a total
olume of 5 ml. Following incubation for 8 h at 28°C, the
ipofectin–DNA complex was replaced with L-15 me-
ium containing 10% FBS and antibiotics. Cells were
xamined using an epifluorescence inverted microscope
Olympus) to detect GFP expression.
Cells were infected 20 h posttransfection with TE/
92J/VP virus at an m.o.i. of 10. Cells and transducing
articles were pelleted 48 h postinfection by centrifuga-
ion at 32,000 rpm for 2 h. Cells were lysed by sonication
o release transducing virus that was applied to C6/36
ells that were 80% confluent. In experiment 2 (Table 1)
he cell lysate was clarified by centrifugation at 1500 rpm
or 5 min prior to inoculation of C6/36 cells. C6/36 cells
ere incubated for 72 h with transducing particles, and
FP expression was observed by fluorescence micros-
opy. Titer of AeDNV–GFP transducing virus was deter-
ined in C6/36 cells by counting transduced cells in
andomly chosen microscopic fields.
Infection of A. aegypti larvae with AeDNV transducing
articles was achieved by hatching larvae in flasks con-
aining the whole-cell lysate from transducing particle
roducer cells (Barreau et al., 1994). The lysate was
reated with anti-SIN neutralizing antibody for 2 h at 4°C
Olson et al., 1996) prior to larval infection. Larvae were
ransferred to pans with fresh water and were fed liver
owder 48 h after hatching. Larvae were then examined
or GFP expression by fluorescence microscopy.
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